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Climate change has the potential to upset entire ecological systems, making predictive
models of the utmost importance. The incorporation of physiological parameters into predictive
models not only bolsters their accuracy but also provides a mechanistic explanation for
ecological changes already observed and those yet to come. North American flying squirrels, for
example, have already experienced dramatic range shifts northward over recent decades, with
climate change being the suspected driver. While other studies have focused on warming winter
temperatures, I explored the hypothesis that rising summer temperatures were driving the
observed range shifts. Unable to find a reliable population of the northern species, Glaucomys
sabrinus, I focused on southern flying squirrels, Glaucomys volans, to determine the effect of
high temperatures on thermoregulation and energy usage. Using flow-through respirometry, I
measured the relationship between temperature and metabolic rate/evaporative water loss/body
temperature. I used temperature-sensitive data loggers to measure core body temperature in freeranging flying squirrels to explore an additional thermoregulatory strategy – heterothermy. I
discovered no significant increase in metabolic rate in temperatures up to 40°C but did detect an
increase in evaporative water loss starting at 36.2°C. Body temperature (Tb) of flying squirrels
followed a circadian pattern with ~2°C difference between active and resting phase modal Tb.
This daily level of heterothermy is consist with, but slightly higher, than other squirrel species
according to the Heterothermy Index. High temperatures are unlikely to cause an energetic strain
on southern flying squirrels in Maine as long as water resources remain available. Measurements
of microclimate, accounting for group nesting and cavity insulation, are still needed to fully
understand the extent of heterothermy and the influence of high ambient temperature on the
thermoregulation of G. volans in Maine.
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GLOSSARY
Basal metabolic rate (BMR) – the minimum sustained rate of energy turnover of an endotherm;
animal must be inactive, post-absorptive, adult, nonreproductive, and thermoregulating in their
inactive circadian phase (White and Seymour, 2004; Mitchell et al., 2018)
Ectotherm – an animal whose body temperature is determined primarily by passive heat
exchange with its environment (Withers, 1992)
Endotherm – an animal whose body temperature is substantially elevated above the ambient
temperature by internal, metabolic heat production (Withers, 1992)
Heterotherm – an endotherm that allows its core body temperature to vary based on ambient
conditions
Homeotherm – an endotherm that precisely defends a core body temperature despite large
variations in ambient temperature
Lower critical temperature (LCT) of the thermoneutral zone – the temperature at which
metabolic rate rises above basal level for thermoregulatory purposes (Mitchell et al., 2018)
Respiratory quotient – the ratio of carbon dioxide produced to oxygen consumed through
cellular metabolism; indicates the metabolic substrate used (1 for carbohydrate metabolism, 0.7
for lipids, and 0.84 for proteins) (Withers, 1992)
Resting metabolic rate (RMR) – similar to BMR but with less stringent conditions; animals are
only required to be resting (Withers, 1992)
Thermoneutral zone (TNZ) – the range of air temperatures over which an endotherm maintains
its basal metabolic rate (Withers, 1992)
Torpor – a physiological state of endotherms with a circadian or short-term cycle of lowered
body temperature and depressed metabolic rate (Withers, 1992)
ix

Upper critical temperature (UCT) of the thermoneutral zone – the temperature at which
metabolic rate rises above basal level (Withers, 1992); the temperature at which evaporative
cooling starts (Mitchell et al., 2018)

x

CHAPTER 1
GENERAL INTRODUCTION
1.1 Climate Background
According to the Intergovernmental Panel on Climate Change, current “global climate
warming is unequivocal and unprecedented over decades to millennia” (IPCC, 2014). Each of
the last three decades has been successively warmer than any preceding decade since 1850
(IPCC, 2014). Scientists and conservationists alike question the effects global warming will have
on ecological systems and individual species, especially if little is done to curb its drivers
(Parmesan, 2006). Changes to phenology, migration patterns, ranges, and life history traits have
already been observed in both tropical and polar species (Parmesan, 2006). The state of Maine,
uniquely positioned in the US, contains three distinct climate zones all anticipated to react
differently to global warming (Fernandez et al., 2015). Maine is expected to see higher average
temperatures due to the lengthening of summer and the increased incidence of high heat days
(Fernandez et al., 2015).
How global warming will affect whole ecosystems as well as individual species has
become a major avenue of research in biology and ecology. One commonly used method for
predicting future changes is a bioclimatic envelop model. Bioclimatic envelope models use
“associations between aspects of climate and known occurrences of species across landscapes of
interest to define sets of conditions under which species are likely to maintain viable
populations” (Araujo and Peterson, 2012). Defined sets of conditions are mapped to future
climate projections and predictions of species’ ranges and prevalence emerge. Bioclimatic
envelope models are simplistic in their requirements and application and are often criticized for
1

just that reason (Araujo and Peterson, 2012; Kearney et al., 2009). The models focus solely on
abiotic factors as predictor variables. Though undeniably important, abiotic factors are not the
only factors affecting a species’ success in the face of climate change (Araujo and Peterson,
2012; Kearney et al., 2009; Parmesan, 2006). Biotic factors such as mutualistic relationships,
predator-prey dynamics, and interspecific competition play a vital role in determining the range
and success/vitality of a given species (Sexton et al., 2009). Furthermore, because bioclimatic
envelope models rely on current associations between species and variables, there is no room to
predict what will occur under novel conditions. Climate change will undoubtedly introduce new
conditions as communities shift and ecosystems change, forcing species to exploit new biotic and
abiotic opportunities and limitations that may not have previously existed (Hobbs et al., 2009).
Another component lacking in bioclimatic envelope models is any consideration of
physiology (Huey et al., 2010; McCain and King, 2014; Mitchell et al., 2018). Current
associations between individual species and abiotic conditions allude to the absolute limits of
physiology but do not encompass them. A species may be living at the extremes of its
physiological tolerance or safely in the middle, a detail not evident in current range distributions.
Physiological research is recognizably tedious and not easily performed at large scales,
especially for mammals, but that does not negate its importance (McCain and King, 2014).
Physiology provides a mechanistic explanation for responses that are only hypothesized using
simple bioclimatic envelope models (Seebacher and Franklin, 2012).
The first step in building physiologically-inclined models is collecting the necessary data.
As evidenced by Huey et al. (2012), this data does exist for a variety of ectotherms and is starting
to be incorporated into predictive models. However, little research has focused on the
physiological effects of high temperatures on endotherms. Endotherms are inherently difficult to
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study because of the complex relationship between environmental temperature and body
temperature (Scholander, 1955; Porter and Gates, 1969). While ectotherm body temperature
varies directly and in close synchrony with environmental conditions, endotherms are able to
buffer the effects of environmental variation in order to maintain an elevated body temperature
(Scholander, 1955; Porter and Gates, 1969). The few endothermic species that have been
extensively studied primarily reside in polar regions, where temperatures are expected to
increase most dramatically, or exhibit extreme thermal adaptations such as hibernation or torpor
(Chappell and Bartholomew, 1981; Humphries, 2004). Nevertheless, temperate and tropical
species will face their own set of challenges. Temperate species already experience a variable
climate and, along with hotter temperatures, are predicted to experience even more variability as
climate change progresses (Parmesan, 2006; IPCC, 2014). With so many species residing in the
temperate zone, physiology-informed predictive models are crucial to conservation in this area of
the world.

1.2 An Overview of Thermal Physiology
The field of thermal physiology employs many techniques to understand the relationship
between temperature and physiology. Flow-through respirometry is one such technique that
focuses on the relationship between temperature and metabolic rate. Respirometry consists of
measuring oxygen and/or carbon dioxide levels in expired air to quantify the amount of chemical
energy being used by an organism – its metabolic rate (Lighton, 2008). Conducting respirometry
experiments under various conditions – high activity, low temperature, growth, etc. – generates
energy usage data that can be used to make inferences about survival, behavior, and ecology in
the wild.
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Energy is used for every aspect of an organism’s life from mating to foraging to simply
existing (Lighton, 2008; Withers et al., 2016). Endotherms devote a large portion of their energy
production to the maintenance of a high, sustained body temperature (Withers, 1992; Ruben,
1995; Withers et al., 2016). However, the amount of energy they are required to dedicate is based
on ambient temperature (Withers, 1992; Ruben, 1995). One of the ways we can measure this
relationship in resting animals is by determining the parameters of the thermoneutral zone. The
thermoneutral zone (TNZ) refers to the range of ambient temperatures in which an endotherm
can maintain its desired body temperature through minimal energy expenditure or at a basal
metabolic rate (Withers et al., 2016). As temperatures exceed this zone, an endotherm must
allocate energy to evaporative cooling or thermogenesis in order to maintain a preferred body
temperature (Withers et al., 2016). The limits of the TNZ are referred to as the upper (UCT) and
lower critical temperature (LCT). The UCT, LCT, and breadth of the TNZ are species specific
and even vary individually to some extent. A graph of the relationship between ambient
temperature and metabolic rate in endotherms is referred to as a Scholander-Irving Curve (Figure
1; Scholander et al., 1950).
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Figure 1: Depiction of a Scholander-Irving Curve. The curve depicts the relationship between
temperature and resting metabolic rate of an endotherm. TNZ refers to the thermoneutral zone.
LCT and UCT refers to the lower critical temperature and upper critical temperature respectively
(Scholander et al., 1950; Levesque, unpublished).
Organisms are fully capable of living in temperatures outside their TNZ, as long as they
are able to devote the necessary energy to thermoregulation via an altered energy budget or an
increase in resource consumption (Mole et al., 2006; Mitchell et al., 2018). Rising temperatures
resulting from global climate change pose the risk of pushing organisms outside, or further
outside, their thermoneutral zone, requiring a greater direction of available energy toward
thermoregulation (Scholander et al., 1950). If an organism cannot meet the new energy demands,
it is forced to move to a cooler environment safely within its TNZ, adapt its thermoregulatory
abilities, or perish. All three scenarios carry implications for not only wildlife but also humans,
with respect to agriculture, availability of natural resources, and human health.
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1.3 Rationale and Objectives
For the reasons previously outlined, it is important to develop mechanistic predictions for
how rising temperatures will affect temperate endotherms. North American flying squirrels
(genus Glaucomys) are wide-ranging, small mammals that occupy a variety of forest types within
the temperate zone. Researching the physiological ramifications of high temperatures on flying
squirrels can better inform predictive models for these and other species and can improve our
understanding of the evolutionary biology of endothermy. Aside from acting as a proxy for
larger species, small mammals are also important food resources. Rising temperatures may
indirectly affect larger species via diminished prey options even if high temperatures are
physiologically tolerable for them.
Flying squirrels, specifically, offer additional advantages as a study species. They are
both arboreal and nocturnal – two characteristics not often studied but ones that will experience
climate change differently than those of ground-dwelling, diurnal species. This is because
nocturnal species rest during the hottest portions of the day and arboreal species often buffer
themselves thermally in nests or hollows (Lovegrove et al., 2014). What role these behavioral
adaptations will play in their response to rising temperatures in unknown. Additionally, flying
squirrels have undergone recent northward range shifts with warmer winter temperatures
believed to be the primary driver of these shifts (Bowman et al., 2005; Garroway et al., 2010;
Wood et al., 2016). The exact mechanism behind the shifts and its repercussions for forest
communities are currently unknown.
I used North American flying squirrels to study thermoregulation of small mammals
exposed to high ambient temperatures to better inform mechanistic predictive models. I used
metabolic rate and body temperature to investigate two methods of thermoregulation used by
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temperate endotherms – increased metabolism and heterothermy. My research objectives were as
follows:
Objective 1: Determine the upper limit of thermoneutrality for flying squirrels in Maine and
quantify energetics during rest;
Objective 2: Measure free-ranging, core body temperature of flying squirrels during the summer
to measure the effects of forest ambient temperature.
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CHAPTER 2
STUDY SYSTEM – FLYING SQUIRRELS OF MAINE
2.1 Introduction
2.1.1 Species Description
North America is home to a variety of squirrel species ranging from the common ground
and tree squirrels to the more elusive flying squirrels (Steele and Koprowski, 2001). Although
rarely seen by humans, flying squirrels (Subfamily Sciurinae, Tribe Pteromyini) occupy the
majority of North America. They differ from their ground and tree-dwelling counterparts by
possessing the ability to glide from tree to tree and by being nocturnal (Steele and Koprowski,
2001). North America’s flying squirrels include: the northern flying squirrel (Glaucomys
sabrinus), the southern flying squirrel (Glaucomys volans), and, the newly discovered,
Humboldt’s flying squirrel (Glaucomys oregonensis, Arbogast et al., 2017). All three are
members of the same genus and share the defining characteristics of flying squirrels, but they
vary in range, habitat preference, diet, and life history traits.
The northern flying squirrel is the largest of all three species. It occupies much of Canada
and several northern states including Minnesota, Michigan, and Maine (Figure 2). It is also found
throughout the Pacific Northwest and in isolated patches of the Appalachian Mountains (Figure
2; Wells-Gosling and Heaney, 1984). Northern flying squirrels are primarily found in boreal
forests but can occupy mixed coniferous-deciduous forests and, occasionally, broadleaf
deciduous forest (Wells-Gosling and Heaney, 1984; Smith, 2007; Weigl, 1977). Lichens and
fungi compose a large portion of this species’ diet, particularly in the Pacific Northwest where it
facilitates the symbiotic relationship between conifers and mycorrhizal fungi (Maser et al., 1978,
8

Maser et al., 1986). Despite this association, northern flying squirrels can easily diversify to feed
on seeds, nuts, berries, insects, and small invertebrates (Wells-Gosling and Heaney, 1984; Smith,
2007).

Figure 2: Distribution of G. sabrinus and G. volans in North America. Maps constructed using
spatial data from Cassola, 2016.
Northern flying squirrels do not hibernate, but instead continue foraging throughout the
winter. The combination of a thick pelage, well-insulated nests, and the propensity to form
aggregations with other conspecifics ensures survival and minimizes thermoregulatory energy
expenditure during the winter. There is some evidence of shallow, daily torpor, but its use is
minimal compared to other energy-saving thermal strategies (Olson et al., 2016). Mating occurs
in late March through May with the first young born in late May through June (Wells-Gosling
and Heaney, 1984). One litter, consisting of 2-4 young, is produced per female per year (WellsGosling and Heaney, 1984; Smith, 2007). Young are weaned around 2 months of age but remain
with the female for some time (Wells-Gosling and Heaney, 1984). Little is known about juvenile
dispersal (Smith, 2007). Males typically have larger home ranges than females, <10 hectares
9

versus <5 hectares, but range size varies with habitat quality and season (Smith, 2007). Primary
predators include birds of prey, domestic house cats, foxes, martens and lynx (Wells-Gosling and
Heaney, 1984). Northern flying squirrels are a key prey item for the threatened northern spotted
owl, Strix occidentalis caurina, in the Pacific Northwest, which makes flying squirrels a
common target for conservation efforts.
The second species of flying squirrel present in North America is the southern flying
squirrel. Southern flying squirrels inhabit much of the eastern half of the United States with
isolated populations in Mexico and Central America (Figure 2; Dolan and Carter, 1977). They
are present as far northward as New England and southern Quebec, including some areas of
sympatry with G. sabrinus (Figure 2; Dolan and Carter, 1977; Garroway et al., 2010). Southern
flying squirrels primarily occupy temperate to sub-temperate, deciduous forests where hard mast
and tree hollows are abundant. They are considered omnivorous and eat a diet consisting of nuts,
seeds, berries, insects, small invertebrates and even carrion when necessary (Dolan and Carter,
1977).
Like their northern counterparts, southern flying squirrels do not hibernate over winter
but show some evidence of shallow torpor (Olson et al., 2016). They cache food in late fall and
make use of tree hollows to provide insulation and to house large aggregations against harsh
winter temperatures. Mating takes places in the spring and summer with parturition occurring
twice per year – late spring from April to May and early fall from August to September (Dolan
and Carter, 1977). Gestation lasts 40 days and the average litter size is 3-4 young (Dolan and
Carter, 1977). It is not well known whether a female will give birth during both time periods as
young are not weaned until 6-8 weeks and often remain with the mother for longer (Dolan and
Carter, 1977). Similarly, juvenile dispersal is not well understood, but G. volans are known to be
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territorial during mating and rearing season. The average home range in northern New England
is 5.7 hectares and 2.6 hectares for males and females respectively (Fridell and Litvaitis, 1991).
Predation pressures are similar to those of northern flying squirrels, with owls and domestic cats
being the primary threat (Dolan and Carter, 1977).
Lastly, the Humboldt’s flying squirrel was discovered in 2017 as a cryptic species of
New World flying squirrel. Using mitochondrial DNA, Arbogast et al. (2017) discovered two
different clades within the species G. sabrinus. The Continental Clade includes northern flying
squirrels from North Carolina, Tennessee, West Virginia, Michigan, Idaho, Alberta, Alaska,
British Columbia, and Washington, while the Pacific Coastal Clade includes squirrels from
British Columbia, Washington, Oregon, and California (Arbogast et al., 2017). Despite their
similar geographic range and habitat preference, microsatellite analysis showed no contemporary
gene flow between the two clades (Arbogast et al., 2017). Furthermore, comparing both clades to
G. volans showed that G. volans and the Continental Clade are more closely related to each other
than either is to the Pacific Coastal Clade (Arbogast et al., 2017). A detailed description of
morphology, diet, life history, and behavior does not yet exist for Humboldt’s flying squirrel as it
has always been classified as G. sabrinus.
2.1.2 Shifting Ranges
Aside from their nocturnality and gliding abilities, North American flying squirrels are
unique for another reason – their recent, dramatic range shifts northward. Over the past few
decades, southern flying squirrels have expanded their range northward in multiple locations as
northern flying squirrels contract in the same direction (Bowman, 2005; Wood et al., 2016).
Southern flying squirrels have expanded at a rate of 22 km per year between 1994 and 2004 in
southern Ontario with concomitant declines in northern flying squirrels (Bowman, 2005). Holt
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Forest in southern Maine experienced a complete species turnover from G. sabrinus to G. volans
over an 18-year period (Wood et al., 2016).
No definitive explanation for the observed range shifts has been accepted, but several
hypotheses have been proposed, all with climate change at the forefront (Weigl, 1978; Pauli et
al., 2004; Bowman, 2005; Smith, 2007; Wood et al., 2015). As average global temperatures rise,
both summer and winters months are getting warmer (IPCC, 2014). In the context of flying
squirrels, low winter temperatures are thought to define the northern limit of southern flying
squirrels (Bowman, 2005; Smith, 2007). With warmer winter temperatures courtesy of climate
change, southern flying squirrels may be able to expand into previously uninhabitable areas
(Bowman, 2005).
Another proposed hypothesis suggests that changing forest composition permits the
northward expansion of southern flying squirrels (Wood et al., 2015). As forests change from the
G. sabrinus-preferred boreal forests to the G. volans-preferred temperate forests, southern flying
squirrels may be monopolizing on the expansion of a primary food source – hard mast. However,
flying squirrel ranges are shifting much faster than those of arboreal species, and Wood et al.
(2015) found little association between forest structure and species’ abundance. Additionally,
both species have been found outside their associated forest types and even in sympatry with one
another (Smith, 2007; Weigl, 1978).
The previous two hypotheses concern the expansion of G. volans but do little to address
the range contraction of G. sabrinus. Two additional hypotheses hinged upon G. volans’
expansion as the impetus for G. sabrinus’ contraction have emerged – direct and parasitemediated competition. In paired nest box experiments, southern flying squirrels have been
observed ‘driving out’ northern flying squirrels and dominating the available tree hollows used
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for nest space (Weigl, 1978). Northern flying squirrels are then forced to find nest space in areas
without interspecific competition and these areas happen to be northward.
The second hypothesis concerns the nematode parasite, Strongyloides robustus. Southern
flying squirrels are known to benignly carry S. robustus throughout their range, but for northern
flying squirrels, the parasite is lethal (Wetzel and Weigl, 1994; Pauli et al., 2004). If warm
temperatures allow southern flying squirrels to expand northward and increase their sympatry
with northern flying squirrels, S. robustus can be more easily transferred between the two
species. Additionally, warmer temperatures encourage the persistence of S. robustus as it cannot
reproduce in temperatures below 5°C (Wetzel and Weigl, 1994). Northern flying squirrels must
move to areas unshared by southern flying squirrels or those outside the thermal limits of S.
robustus if they are to survive.
The aforementioned hypotheses all focus on increased winter temperatures, in one way or
another, as the impetus for flying squirrel range shifts. I proposed looking in the other direction,
at rising summer temperatures. High temperatures become costly as more energy is directed to
cooling and taken away from other vital activities. This energy imbalance can prove fatal in the
long run forcing flying squirrels to adapt, move, or perish. I proposed that rising summer
temperatures at the southern edge of the northern flying squirrel range have become too
energetically costly for northern flying squirrels, and they have moved northward to colder
climates to cope. Southern flying squirrels, already accustomed to the heat, move northward to
“fill the gap” so to speak. I first needed to locate both flying squirrel species in Maine before
testing my hypothesis using flow-through respirometry and free-ranging body temperature.
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2.2 Methods
2.2.1 Capture and Processing
Southern flying squirrels were live captured from Dwight B. Demeritt Forest North
(44.935° N, 68.682° W) and South (44.940° N, 68.663° W) in Orono/Old Town, Maine from
May-November 2017 and May-September 2018. The Dwight B. Demeritt Forest consists of
1,740 acres of mixed forest stands, fields, and water bodies, with the northern and southern
portions separated by residential and commercial development. Attempted capture of northern
flying squirrels took place at the University of Maine Presque Isle (46.672° N, 68.016° W) and
Aroostook Farm (46.654° N, 68.006° W) in Presque Isle, Maine from May-July 2018.
To capture flying squirrels, 30-60 Folding Sherman Sheet Metal Traps (LFA 9 x 3 x 3.5
Folding, Aluminum Trap, Tomahawk Live Trap, Hazelhurst, WI) were placed on the forest floor
in a grid pattern. Grids were placed among pine-oak forest patches in both locations and
individual traps were placed near large trees if possible. The traps contained cotton balls for
nesting material as well as a mixture of peanut butter and rolled oats for bait. Traps were opened
around dusk (1800-2000h EDT) and closed within a few hours of sunrise (0500-0800h EDT).
Captured flying squirrels were transferred from the trap into a handling bag to be sexed,
weighed, and measured. Morphometric measurements include ear length, hindfoot length (with
and without toes), forearm length and reproductive status. Measurements were taken to the
nearest millimeter using an electronic caliper and weight to the nearest gram or 0.1 gram using a
portable, digital scale (UNIWEIGH Digital Pocket Scale, Cochin, India). All flying squirrels
were tagged using ear tags (Mouse Ear Tags, National Band and Tag Company, Newport, KY)
and/or passive integrated transponder (PIT) tags (BioThermo13, Biomark, Boise, ID) for
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identification upon recapture. Some individuals had a 3 mm biopsy tissue punch taken for
genotyping.
All animals used in research (see Chapter 3) were housed at room temperature (~27°C) in
the Levesque Lab at the University of Maine for less than 24 hours. When not used in an
experiment, squirrels were placed in a ventilated plastic container (Lee’s Kritter Keeper, Medium
Rectangle, Lee’s Aquarium and Pet Products, San Marcos, CA) lined with paper towels and
provided apple slices coated with peanut butter. All capture and handling procedures were
approved by the University of Maine’s Institutional Animal Care and Use Committee Protocol
#A2017-03-02 and followed the Wildlife Scientific Collection Permit #2017-516 issued by the
State of Maine Department of Inland Fisheries and Wildlife issued to D. Levesque.

2.3 Results
In 2017, 36 southern flying squirrels were captured in Dwight B. Demeritt Forest North
and South. No northern flying squirrels were captured in 2017. In 2018, 30 new and 6 previously
tagged southern flying squirrels were captured in Dwight B. Demeritt Forest North and South.
Only 3 northern flying squirrels were captured at the Presque Isle sites in 2018. Appendix 1
includes measurements taken for captured flying squirrels as well as a categorization of body
condition. Body condition is a measure of energy reserves, usually in the form of fat (SchulteHostedde et al., 2001). Instead of directly measuring the fat reserves of captured individuals, the
ratio between body mass and forearm length was used as an index of condition (SchulteHostedde et al., 2001). Individuals with a positive index have greater energy reserves and are in
good condition compared to those with a negative index that have few fat reserves.
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2.4 Discussion
Contrary to expectations, only southern flying squirrels were captured in Dwight B.
Demeritt Forest North and South in 2017. Personal communications and species distribution
maps led us to believe that Orono/Old Town, Maine would primarily house northern flying
squirrels (Figure 2). Although species turnover has occurred in Maine, it was seen much farther
south at Holt Forest Research Station (43.869° N, 69.776° W) located in Arrowsic, Maine
(Wood et al., 2015). The documented turnover from northern flying squirrels to southern flying
squirrels occurred between 1986-2004 (Wood et al., 2015). Orono/Old Town, Maine is a full
degree of latitude north of Holt Forest, indicating the southern species further expanded
northward at a rate of ~8.5 km/yr. Similar rapid movements have been documented elsewhere in
North America (Bowman et al., 2005; Garroway et al., 2010). As previously mentioned, southern
Ontario witnessed a northward range expansion of 22 km/yr from 1994-2004 for southern flying
squirrels (Bowman, 2005).
The presence of southern flying squirrels in Dwight B. Demeritt Forest North and South
does not negate the possibility of northern flying squirrels living in other forests at a similar
latitude. The Demeritt Forests are both managed by the University of Maine and have been for
more than 50 years. The mixed forests, used for forestry demonstration, education, research, and
community recreation, can provide suitable habitat for either species of flying squirrel. Nearby is
the Penobscot Experimental Forest (44.851° N, 68.628° W) in Bradley/Eddington, Maine where
northern flying squirrels are still captured, though rather infrequently (A. Brehm and A.
Mortelliti, personal communication). The Penobscot Forest lies in a transitional zone between
eastern broadleaf and boreal forests and contains mostly mixed-species, northern conifers. The
Penobscot Forest more closely resembles the forest type associated with northern flying
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squirrels, which could explain their persistence here. As climate change progresses, the
Penobscot Experimental Forest may transition to a mixed, hardwood forest like Dwight B.
Demeritt Forest North and South, ridding central Maine of its northern flying squirrel
populations completely.
Species turnover has been one consequence of flying squirrel range shifts, and
hybridization has been another. Garroway et al. (2010) suggest that as southern and northern
flying squirrels become more sympatric due to climate-driven range shifts, incidence of
hybridization between these two species will increase. Low densities of southern flying squirrels
at the leading edge of their range expansion can lead to reduced mating options and/or
insufficient aggregations for winter thermal regulation (Garroway et al., 2010). If southern flying
squirrels are to maintain fringe populations, they may need to rely on northern flying squirrels
for mating or social thermoregulation which will increase the incidence of hybridization
(Garroway et al., 2010). A similar scenario is possible in Maine. The individuals captured for
this research were identified phenotypically as southern flying squirrels, but they could carry
genetic markers of the northern species. The next step in this research is to verify species
identification genetically to see if any hybridization has occurred in either Demeritt Forest
location. Karyotyping is currently underway, and results are expected by summer 2019.
My primary hypothesis about the role that high summer temperatures play in guiding
flying squirrel range shifts pertains primarily to the northern species, which we were not able to
capture in sufficient numbers. However, the northward expanding southern species still provides
new fodder for thermal physiology research. Fringe populations can differ from core populations
morphologically, ecologically, and even genetically given enough separation and isolation. The
summer heat might not be limiting southern flying squirrels in Maine, but this population will
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certainly react differently to heat than populations residing in the southern United States or
Mexico. Understanding the thermal strategies of southern flying squirrels at the northern edge of
their expansion offers a unique comparison to previous research and can provide insight into
what other expanding populations are or will be experiencing as temperatures continue to rise.
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CHAPTER 3
THERMOPHYSIOLOGY OF SOUTHERN FLYING SQUIRRELS
3.1 Introduction
With southern flying squirrels found as far south as Mexico and as far north as Maine, it
is no surprise that individual- and population-level differences exist in estimations of
thermoregulatory capacity (Stapp, 1992). However, all previous studies have focused on
thermoregulation at cold temperatures with little attention paid to the effects of high
temperatures (Pearson, 1947; Neumann, 1967; Muul, 1968; Stapp, 1992; Olson et al., 2017). Just
as southern and northern populations of G. volans react differently to cold temperatures, they
may react differently to high temperatures as well (Stapp, 1992). Populations of G. volans at the
northern edge of their range expansion seldom experience the hot, arid conditions to which
southern populations are accustomed and are, therefore, not immune to the heat. IPCC models
predict Maine’s average temperature will increase 1.1-1.7°C between now and 2050 and that the
number of excessively hot and humid days (heat index > 35°C) will triple in portions of the state
over the same time period (Fernandez et al., 2015). To explore the effects of Maine’s rising
temperatures on the thermoregulatory physiology of southern flying squirrels, I measured energy
usage and body temperature of southern flying squirrels exposed to high ambient temperatures.
I focused on two thermoregulatory strategies used under high heat conditions: elevation
of metabolic rate (increased energy usage) and use of heterothermy (variation in core body
temperature with ambient conditions). To determine metabolic rate across a range of
temperatures, I used flow-through respirometry to measure oxygen consumption and carbon
dioxide production (Withers, 2001; Lighton, 2008). Additionally, I measured evaporative water
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loss and subcutaneous body temperature as other indicators of thermoregulation. I predicted that
metabolic rate and evaporative water loss would increase with ambient temperature after
surpassing the UCT (some ambient temperature ≤40°C). To detect the use of heterothermy, I
measured core body temperature of southern flying squirrels during the warm summer months. I
hypothesized that daytime forest temperatures would, in part, determine the body temperature of
G. volans during its inactive phase.

3.2 Methods
3.2.1 Respirometry
3.2.1.1 Animal Handling
All flying squirrels were captured and measured as outlined in Chapter 2. Flying squirrels
used for resting metabolic rate experiments were all adult males or non-reproductive adult
females. All squirrels were brought back to the Levesque Lab and housed for 1-5 hours until
placed in the respirometry chamber. In 2017, all squirrels were fasted before entering the
respirometry chamber to satisfy the requirement that post-absorptive animals be used to measure
basal metabolic rate (Withers, 1992). However, fasted squirrels were less apt to rest in the
metabolic chamber, and many experiments were cut short due to high locomotor activity or the
persistence of stress behaviors. In 2018, squirrels were fed a small slice of apple upon their
arrival to the lab. Fed squirrels settled down more quickly inside the chamber and exhibited
fewer stress behaviors throughout the experiment. I was primarily interested in resting metabolic
rate rather than basal metabolic rate because of its applicability to wild conditions (Withers,
1992). Additionally, the respirometry quotient between fasted and fed animals were roughly
equivalent, indicating that the two methods were comparable.
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All squirrels were weighed to the nearest gram or tenth of a gram before and after each
experiment. Squirrels were removed from the chamber if they showed signs of distress, reached a
subcutaneous temperature of 41°C, or remained too active for more than 120 minutes. All
squirrels were fed with apple and peanut butter after the completion of respirometry experiments
and returned to their location of capture.
3.2.1.2 Flow-Through Respirometry Set-Up
The metabolic chamber was a 1.9L airtight, plastic container (Lock and Lock Co., Seoul,
South Korea) with 3 ports: one for the incurrent airstream, one for the excurrent airstream, and
one for a temperature sensor (Compression Push Fitting, BrassCraft, Masco, Michigan). A mesh
wire grate kept the squirrel elevated above the temperature sensor and inflow ports. Mineral oil
(99.99% or higher) was placed in the bottom of the container, below the grate, to absorb any
urine or feces produced by the animal (Figure 3).

Figure 3: Glaucomys volans in metabolic chamber used for respirometry experiments.
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Temperature inside the metabolic chamber was monitored using a thermocouple and
meter (TC-2000 Type-T Thermocouple Meter, Sable Systems, North Las Vegas, NV) and
recorded with two temperature data loggers (DS1922L Thermochron iButtons, Maxim
Integrated, San Jose, CA) attached to the chamber base and lid. Subcutaneous temperature of the
squirrel was monitored via pit-tag (Chapter 2) and recorded using a Biomark HPR Plus Reader
(Biomark Inc., Boise, ID). Additionally, an infrared USB camera recorded the squirrel’s activity
and allowed for non-disruptive monitoring during the experiment.
With the squirrel inside, the metabolic chamber was placed in either a temperaturecontrolled cabinet (Incubator, Refrigerated with Mechanical Convection, KB 53, BINDER, Long
Island, New York) or cooler (Pelt-5, Sable Systems, North Las Vegas, NV) depending upon
equipment availability. The incurrent air used for flow-through respirometry was pulled from
outside the building whenever possible. If the lab set-up prohibited the use of outside air, air was
drawn directly from an air vent. The incurrent airstream was pulled through a column containing
the desiccant Drierite (≥98% CaSO4, <2% CoCl2, W. A. Hammond Drierite Co. Ltd., Xenia,
OH) by a 1.0 L/min pump. Once dried, the incurrent air was divided into two airstreams – one
for the chamber and one for the control stream. Gas mass flow controllers (MC-Gas Mass Flow
Controllers, Alicat Scientific, Tucson, AZ) regulated the incurrent airflow to within 0.8% of the
desired flow rate. The chamber flow rate ranged between 500-1650 ml/min., depending on
chamber humidity, and the control flow rate ranged between 1000-2500 ml/min.
After the gas mass flow controller, the incurrent air entered the cooler box or cabinet
housing the metabolic chamber. The incurrent air passed through a coil of copper tubing to
equilibrate its temperature to that of the cooler box/cabinet before entering the metabolic
chamber via the incurrent port. Air passed through the chamber and exited through the excurrent
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port before entering a gas flow switcher (BL-2 Baselining System or RM-8 Flow Multiplexer,
Sable Systems, North Las Vegas, NV). The gas flow switcher automatically alternates which
airstream, control or chamber, is passed downstream to the gas analyzers. It sampled the control
stream for 5 minutes and the chamber stream for 40 minutes. The sampled air stream is pulled
through the gas analyzers, carbon dioxide then oxygen, via a second pump (SS-4 Subsampler,
Sable Systems, North Las Vegas, NV) before finally exiting the system. A water and carbon
dioxide gas analyzer was used for every experiment (LI-840A CO2/H2O Gas Analyzer, LI-COR,
Lincoln, NE) and an oxygen analyzer (FC-10 Oxygen Analyzer, Sable Systems, North Las
Vegas, NV) was used whenever possible. The excurrent airstream was scrubbed of water and, on
a few occasions, carbon dioxide after passing through the CO2/H2O analyzer but before the
oxygen analyzer to ensure the accurate measurement of oxygen values. The LI-840A was
calibrated every six months at a minimum; it was zeroed using medical grade oxygen (Matheson
Tri-Gas, Basking Ridge, NJ) and spanned using 1.95% CO2 certified span gas (Matheson TriGas, Basking Ridge, NJ).
3.2.1.3 Experimental Protocol
Respirometry measurements were conducted at chamber temperatures ranging from 2040°C. Flying squirrels were exposed to a maximum of four temperatures during a trial. Some
flying squirrels were used for multiple trials, but all trials were conducted after different capture
events. If a squirrel was used for multiple trials, it was exposed to different temperatures each
time. The first temperature upon entering the metabolic chamber was 20, 25, or 30°C and the
squirrel remained at this temperature for a minimum of 2 hours. Once a squirrel was consistently
resting, chamber temperature was increased by no more than 10° increments between 20-30°C
and 4° increments between 30-40°C. Squirrels were kept at each new temperature for a minimum
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of 1 hour. Chamber temperature was always increased, never decreased, over the course of an
experiment. An example temperature ramping is shown in Figure 4. Following the protocol
developed by the ‘Hot Birds Project’ (McKechnie et al., 2016; Whitfield et al., 2015), humidity
within the chamber was kept below 15 ppt by adjusting the flow rate as needed (500-1650
ml/min). Experiments ranged from 4-8 hours depending on the behavior of the squirrel and the
number of temperatures tested.

Figure 4: Chamber temperature over the course of an experiment. Squirrel was placed in the
chamber at ~1100 and removed at ~1700. Experimental temperatures were 30, 36, and 38°C.
3.2.1.4 Data Analysis
Oxygen, carbon dioxide, water vapor, and analyzer cell pressure measurements were
recorded every second using ExpeData-P Analysis Software (Sable Systems, North Las Vegas,
NV) and LI-840A Software (LI-COR, Lincoln, NE). For each 40-minute stretch of chamber
measurements, the lowest, continuous 5-minute period of carbon dioxide production was isolated
using Expedata. A custom macro first selected the lowest 1200 carbon dioxide values and, from
that, the 600 most stable values (equal to 5 minutes) before calculating the mean and standard
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deviation of carbon dioxide, water vapor, and cell pressure. Measurements of oxygen (if
applicable), flow rate, chamber temperature, and subcutaneous temperature were matched to
each 5-minute period.
All measurements of oxygen consumption and carbon dioxide production were
transformed into 𝑉̇ 𝑂2 and 𝑉̇ 𝐶𝑂2 using Equations 1 and 2 (See below; Withers, 2001). The
respiratory quotient (RQ), 𝑉̇ 𝐶𝑂2/𝑉̇ 𝑂2, was calculated for every selected 5-minute period in a
single trial (Withers, 2001). RQ values were then averaged across all periods and all trials to
generate a single RQ value for flying squirrels. The generated RQ of 0.7 was used to solve for
𝑉̇ 𝑂2 and 𝑉̇ 𝐶𝑂2 for experiments lacking the oxygen analyzer (See below Equations 3 and 4;
Withers, 2001). Resting metabolic rate (RMR) was calculated using Equations 5 and 6 (See
below; Lighton, 2008). Water vapor concentration was transformed into water vapor density
(WVD), evaporative water loss (EWL), and, ultimately, evaporative heat loss (EHL) using
Equations 7-10 (See below; Withers, 2001; Withers, 1992).

(1)
𝑉̇ 𝑂2 = 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 ∗

((𝐹𝑖 𝑂2 − 𝐹𝑒 𝑂2 ) − 𝐹𝑒 𝑂2 ∗ (𝐹𝑒 𝐶𝑂2 − 𝐹𝑖 𝐶𝑂2 )
(1 − 𝐹𝑒 𝑂2 )

𝑉̇ 𝑂2 = volume of oxygen consumed, 𝐹𝑒 𝑂2 = excurrent concentration of oxygen, 𝐹𝑖 𝑂2 = incurrent
concentration of oxygen, 𝐹𝑒 𝐶𝑂2 = excurrent concentration of carbon dioxide, 𝐹𝑖 𝐶𝑂2 = incurrent
concentration of carbon dioxide
(2)
𝑉̇ 𝐶𝑂2 =

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 ∗ (𝐹𝑒 𝐶𝑂2 − 𝐹𝑖 𝐶𝑂2 ) − (𝐹𝑒 𝐶𝑂2 ∗ 𝑉̇ 𝑂2 )
(1 − 𝐹𝑒 𝐶𝑂2 )

𝑉̇ 𝑂2 = volume of oxygen consumed
(3)
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𝑉̇ 𝐶𝑂2 =

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 ∗ (𝐹𝑒 𝐶𝑂2 − 𝐹𝑖 𝐶𝑂2)
1
1 − 𝐹𝑒 𝐶𝑂2 ∗ (1 − (𝑅𝑄 ))

(4)
𝑉̇ 𝑂2 =

𝑉̇ 𝐶𝑂2
𝑅𝑄

(5)
𝐸𝑛𝑒𝑟𝑔𝑒𝑡𝑖𝑐 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒 𝑜𝑓 𝑂2 = 16 + 5.164 ∗ 𝑅𝑄
(6)
𝑅𝑀𝑅 =

𝑉̇ 𝑂2 ∗ 𝐸𝑛𝑒𝑟𝑔𝑒𝑡𝑖𝑐 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡
60

(7)
𝑉𝑃 =

𝐻2 𝑂 ∗ 𝐵𝑃
8.3143 ∗ (𝑇𝑎 + 273)

𝐻2 𝑂 = excurrent water concentration, 𝐵𝑃 = barometric pressure, 𝑇𝑎 = ambient temperature.
(8)
𝑊𝑉𝐷 =

𝑉𝑃 ∗ 18.01528
1000

(9)
𝐸𝑊𝐿 = 𝑊𝑉𝐷 ∗ 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒
(10)
𝐸𝐻𝐿 = 𝐸𝑊𝐿 ∗ 2.43 𝐽𝑚𝐿−1 𝑂2

Some trials yielded multiple 5-minute periods of low metabolic rate for a given
temperature because squirrel activity and/or chamber warming time necessitated longer exposure
to a given temperature. To select the best estimate of resting metabolic rate at a given
temperature, each 5-minute period was subjected to exclusion tests. Exclusion tests included the
following: all measurements taken within the first hour of the experiment, while the squirrel
adjusted to the chamber, were excluded. Any measurements taken within an hour of a major
disruption (i.e. equipment failures or adjustment, building construction, fire alarms) were
excluded for similar reasons. Additionally, periods in which the squirrel exhibited increased
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activity were excluded. Increased activity was detected in one of two ways: through visual
confirmation using video recordings of the experiment or through comparison of metabolic rate
standard deviations. Each experiment was broken up into 10-minute increments for which
standard deviation of carbon dioxide was determined. Standard deviations were averaged across
each 40-minute chamber recording and compared to those of known activity periods as identified
by video records. Averaged standard deviations that were equal to or above those of active
periods were excluded. If multiple 5-minute periods remained after all exclusion tests, the values
were averaged to generate one resting metabolic rate measurement for each experimental
temperature to be used for subsequent analyses.
To generate an estimate of the upper critical temperature (UCT) for southern flying
squirrel, resting metabolic rates and ambient temperatures for all experiments were plotted using
R Packages ‘ggplot2’ and ‘cowplot’ (Wickham, 2016; Wilke, 2018). The piecewise linear
regression analysis using the R Package ‘segmented’ was applied to the best fitting model to
determine its breakpoints, indicating the lower or upper critical temperature, within a 95%
confidence interval (Muggeo, 2008). Linear models were developed using the R Package ‘nlme’
to evaluate the effects of various factors on metabolic rate and compared using Akaike
Information Criterion (AICc) scores and Akaike weights (AICcWt) generated from the
‘AICcmodavg’ package (Appendix 2; Mazerolle, 2017; Pinheiro et al., 2018). Evaporative water
loss, subcutaneous temperature, and the ratio of evaporative heat loss to metabolic heat
production were all evaluated against ambient temperature. They were then subjected to model
testing and subsequent breakpoint determination.
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3.2.2 Core Body Temperature
3.2.2.1 Animal Handling
Only male southern flying squirrels were used in the body temperature experiments to
avoid negatively impacting reproductive females. Additionally, squirrels had to weigh ≥60 g to
ensure that the logger and radio collar did not weigh >10% of total body weight. Flying squirrels
that met these requirements were brought to the Levesque Lab and held in a plastic container
prior to surgery. Following IACUC approved methods, they were given ~0.01g of Capofran
analgesic delivered on a slice of apple 2 hours before and immediately after surgery to minimize
pain. All squirrels were weighed to the nearest gram before and after each surgery.
3.2.2.2 Surgical Implantation
Implantation surgeries took place between 0800 and 1600h EDT in July of 2017 and
May-June of 2018. The temperature sensitive data loggers used to collect core body temperature
data were of two varieties: a 1 g hermetically sealed, ceramic data logger (DST nano-T,
STAR:ODDI, Gardabaer, Iceland) and a 3-4 g custom made data logger (Gerhard Fluch,
University of Veterinary Medicine, Vienna, Austria) coated in epoxy and a layer of surgical wax
(Paramat Extra-Merck KGaA, Darmstadt, Germany). Both recorded date, time, and core body

temperature every five minutes for the duration of deployment. The STAR:ODDI loggers were
hermetically sealed and biocompatible while the Fluch loggers required encapsulation in surgical
wax to be biologically inert. All loggers were sterilized in Isopropyl alcohol for a minimum of 4
hours prior to implantation.
Squirrels were placed in an air-tight, plastic container for sedation via vaporized
Isoflurane (Isoflurane, USP, Piramal Healthcare, Inc., Bethlehem, PA). A 5% concentration of
Isoflurane was administered at a rate of 700-800 ml/min until the squirrel could no longer right
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itself and appeared to be sedated. The squirrel was then removed from the chamber and a small
mask applied to its face to continue administering Isoflurane at a 2-3% concentration for the
duration of the surgery.
The ventral surface was prepped for incision by shaving a 3 cm x 5 cm section of fur and
cleaned with a betadine scrub, isopropyl alcohol, and a betadine solution (Betadine Surgical
Scrub (povidone-iodine, 7.5%) and Betadine Solution (povidone-iodine, 10%), Purdue Pharma
L.P., Stamford, CT). Once cleaned, a small incision was made, not exceeding 2 cm, in the skin
and abdominal muscle tissue along the linea alba. The temperature sensitive data logger was
placed inside the intraperitoneal cavity and the incision was sealed with dissolvable sutures
(Coated VICRYL (Polyglactin 910) Suture, Ethicon, Inc., Bridgewater, NJ) and tissue glue
(Vetbond Tissue Adhesive, 3M, St. Paul, MN). An antibacterial ointment (Neosporin
Antibacterial Ointment, Johnson & Johnson Consumer Inc., New Brunswick, NJ) was applied to
the surgical site to prevent infection.
After completing the surgery, but while the squirrel was still sedated, radio collars were
attached. Radio transmitters (~4g, PD-2C Trasmitters, Holohil Systems Ltd., Ontario, Canada)
were coated in epoxy for durability and collar wires were tucked inside rubber tubing to prevent
skin irritation. Radio collars were fit large enough to rotate around the neck but not large enough
to place a limb through. If the squirrel was not previously tagged (See Chapter 2), an ear tag and
PIT tag in the interscapular region were added. A biopsy punch was taken from the left ear of
each squirrel that underwent surgery and additional morphometric data (snout-vent length,
urogenital distance, tail length, and total body length) was collected.
Flying squirrels were moved to a clean container beneath a heat lamp for recovery.
Additional food and analgesic were provided as they recovered from surgery. Individuals were
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kept in the lab overnight for observation and released at the capture site the next morning.
Attempts were made to recapture implanted individuals throughout the field season to monitor
recovery and collect respirometry data. The same procedure outlined above was used to recover
the data loggers. Implanted flying squirrels were euthanized via an Isoflurane overdose and
cervical dislocation after logger recovery surgery.
3.2.2.3 Forest Temperature
To provide context for the body temperature data and to determine its effect on body
temperature, ambient temperature data were collected every 45 minutes in the Dwight B.
Demeritt Forest North and South from June-November 2017 and May-September 2018.
Temperature-sensitive data loggers (DS1922L Thermochron iButtons, Maxim Integrated, San
Jose, CA) contained inside 500 ml matte black plastic bottles were placed at three heights in each
forest – tied to a tree 3 meters above the ground, affixed to the base of the tree, and buried 10-15
cm below the soil surface at the base of the tree. Additionally, one Tinytag logger (Tinytag Plus
2 TGP-4500, Gemini Data Loggers, Chichester, West Sussex, United Kingdom) placed at ground
level near the base of a tree recorded temperature and relative humidity in Dwight B. Demeritt
Forest North.
3.2.2.4 Data Analysis
Body temperature (Tb) was recorded every 5 minutes for the duration of deployment.
Before analysis, all data from the first week of deployment and anytime the animal was brought
to the lab for respirometry experiments were removed. Each body temperature record was
matched to an ambient temperature (Ta) record and categorized as daytime or nighttime
according to sunrise and sunset times in the eastern time zone using the ‘maptools’ package in R
(Bivand and Lewin-Koh, 2018). Additionally, a squirrel-defined date running from dusk to dusk
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was assigned to each record. The squirrel-defined date remedied the issue of splitting a nocturnal
animal’s activity period into two separate calendar days and allowed me to examine the entire
activity period as one unit.
Combing the daytime/nighttime categorization and the squirrel-defined date, the ‘ddply’
function within the R Package ‘plyr’ extracted the mode Tb and Ta, the average minimum and
maximum Tb and Ta, and the min-max Tb and Ta range for each resting and active period
throughout the time series (Wickham, 2011). To determine the factors influencing body
temperature, particularly the summary statistics extracted through ‘plyr’, linear models were
developed and compared using AICc scores and AICcWt (Appendix 3).
Lastly, an additional measure of Tb variation, the Heterothermy Index (HI), was applied
to each squirrel’s body temperature. The HI metric calculates the magnitude of a heterothermic
response in relation to the active Tb mode during a given time frame, much like a modified
standard deviation (Boyles et al., 2017). HI values can be compared between individuals,
populations, or species over any time period to quantify the degree of heterothermy exhibited.

3.3 Results
3.3.1 Resting Metabolic Rate
In total, 10 individuals were used for respirometry experiments in 2017 and 12 were used
in 2018. From those 22 squirrels, 53 resting metabolic rate (RMR) data points spanning 20-40°C
were used to estimate the upper critical temperature (UCT) of southern flying squirrels (Table 1).
Table 1: Southern flying squirrels used for respirometry experiments. The date, sex, start weight,
and experimental temperatures are shown. *Indicates squirrel was used for multiple trials.
Squirrel ID

Date

Sex

Weight (g)

Temperatures (°C)

UM003

5/21/2017

M

79.2

30

31

Table 1 Cont.
UM007

5/29/2017

M

64.8

25, 30

UM008

5/29/2017

M

59.6

34

UM012

7/24/2017

M

53

30, 32

UM015

7/27/2017

M

59

34, 38

UM796*

7/31/2017

M

53

30, 36

UM020

8/1/2017

F

55

25, 34, 36, 38

UM028

8/2/2017

F

51

30

UM031

11/15/2017

M

70.2

30, 34

UM052

6/11/2018

F

53.6

25, 32

UM073*

6/12/2018

M

61

30, 32, 36

UM071

6/21/2018

F

49.1

25, 30

UM780*

8/2/2018

F

54

30, 38

UM073*

8/6/2018

M

75.3

25, 36, 38, 40

UM740

8/7/2018

M

65

30, 32, 38

UM075

8/11/2018

F

65

25, 32

UM076

8/12/2018

M

71

32, 34

UM796*

8/24/2018

M

57.2

20

UM783

8/26/2018

F

60.4

20, 25, 30

UM718

8/29/2018

F

61.6

20, 25, 30

UM780*

8/30/2018

F

51.7

20, 30, 32

UM802

9/1/2018

M

66.7

36, 38, 40

UM772

9/8/2018

F

56.3

30, 36, 38
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The best fitting model for estimating resting metabolic rate included ambient temperature
and mass as predictor variables (Appendix 2). This model was subsequently used in breakpoint
estimation. The ‘breakpoint’ function in the ‘segmented’ package only detected the LCT at
29.8°C (95% CI: 27.49-32.10°C – Figure 4a) and no break point at a higher temperature which
would have indicated the UCT.
Using the same best fitting model (See Appendix 2), breakpoints were determined for
evaporative water loss (EWL), subcutaneous temperature (Tsub), and the ratio of evaporative heat
loss to metabolic heat production (EHL/MHP). The breakpoints and their 95% confidence
intervals are as follows: EWL = 36.22°C (35.16-37.28°C), Tsub = 33.64°C (31.54-35.73°C),
EHL/MHP = 36.58°C (35.46-37.7°C) (Figure 4b-d).
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Figure 5: Physiological parameters of G. volans exposed to various ambient temperatures.
Breakpoint estimate drawn as solid black lines and 95% confidence intervals as dashed lines. a)
Resting metabolic rate in milliwatts per gram, b) Evaporative water loss in milligrams per hour
per gram, c) Subcutaneous temperature in °C, d) Ratio of evaporative heat loss to metabolic heat
production.
3.3.2 Core Body Temperature
Two flying squirrels were implanted with data loggers in 2017 and five in 2018 with one
data logger recovered in 2017 and four in 2018 (Table 2). One of the loggers recovered in 2018
was found in a recently deceased individual. Data from the month preceding the recovery were
omitted to reduce the influence of any condition that may have contributed to death.
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Table 2: Southern flying squirrels used for core body temperature experiments. The start weight,
date of temperature-sensitive data logger implantation and retrieval are shown. *Recovered from
deceased individual.
Squirrel ID

Mass (g)

Implantation Date

Retrieval Date

Total Days Deployed

UM031

62

4 Aug. 2017

15 Nov. 2017

103

UM073

65

8 May 2018

6 Aug. 2018

90

UM076

63

9 June 2018

12 Aug. 2018

64

UM726

61

8 May 2018

13 Aug. 2018*

97

UM802

63

22 June 2018

1 Sept. 2018

71

Body and ambient temperature traces varied over the course of deployment (Figure 6).
Flying squirrels show a clear pattern of Tb fluctuation matching their daily activity cycle: high Tb
during the active nighttime phase and a lower Tb during the resting daytime phase (Figures 6-7).
The modal Tb for active squirrels is 39.94°C and for resting squirrels is 37.5°C (Figure 8). Daily
variation in body temperature was quantified using the Heterothermy Index which revealed an
all-squirrel, daily, average HI value of 1.93 (Table 3).
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Figure 6: Core body and ambient temperature traces. Flying squirrels exhibit a stable circadian
rhythm of body temperature despite fluctuating ambient temperature. Black line shows core body
temperature of UM073 and grey line shows ambient temperature of Dwight B. Demeritt Forest
South. Temperatures collected from 15 May 2018 to 4 August 2018. White bars indicate daylight
hours and grey bars nighttime hours.

Figure 7: Excerpt of core body temperature trace. Black line shows core body temperature of
UM031 and grey line shows ambient temperature of Dwight B. Demeritt Forest North.
Temperatures collected from 12 August 2017 to 25 August 2017. White bars indicate daylight
hours and grey bars nighttime hours.
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Figure 8: Histogram of core body temperature for all implanted G. volans. Vertical black bars
represent active (nighttime) and resting (daytime) modal Tb.
Table 3: Heterothermy Index for G. volans individuals.
Squirrel ID

HI Value

UM031

1.92

UM073

1.94

UM076

2.20

UM726

1.79

UM802

1.86

Model testing revealed the significant driver of average maximum body temperature to be
day of the year, with average maximum ambient temperature included in comparably strong
models (Appendix 3). Both day of the year and average minimum ambient temperature were
significant predictor variables of average minimum Tb in the best fitting model (Appendix 3).
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Like average maximum Tb, the average Tb range was best predicted by day of the year, with
ambient temperature range being a significant variable in comparable models (Appendix 3).

3.4 Discussion
The estimated lower critical temperature (LCT) of 29.8°C falls within the range of
estimations from previous studies (27.6-35°C; Stapp, 1992). However, two issues must be
considered before comparing my LCT estimate to others. First, I used a wide sampling interval
across cooler temperatures which led to a large 95% confidence interval for my estimate (27.4932.10°C). Previous studies sampled at intervals <5°C (Stapp, 1992). Second, I chose to use
resting metabolic rate (RMR) instead of basal metabolic rate (BMR) in my experiment. RMR
does not require the animal to be fasted prior to metabolic measurements, and I found that fed
squirrels were less active than fasted squirrels while inside the metabolic chamber. Although
similar, RMR can be substantially higher than BMR, and may even double it in value under
certain conditions (Withers, 1992). I chose to use RMR because it is more comparable to
conditions experienced by a wild flying squirrel and would ultimately result in a more realistic
predictive model (Larivée et al., 2010; Withers et al., 2016).
At the warmer end of my sampling range, I did not detect a breakpoint (upper critical
temperature) in metabolic rate in animals exposed to temperatures as high as 40°C. There are two
explanations for this result – either I did not test the squirrels at high enough temperatures or
there is no UCT for metabolic rate. The first explanation is unlikely as individuals exposed to
this temperature showed visible signs of heat stress and a higher-than-average subcutaneous
temperature. The second explanation is plausible depending on my definition of UCT. The
traditional definition of UCT is the temperature at which metabolic rate rises above basal level,
but, more recently, UCT has been defined as the temperature at which evaporative cooling starts
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(Withers, 1992; Withers et al., 2016; Mitchell et al., 2018). I detected no UCT when looking at
RMR but did identify an UCT based on evaporative water loss (EWL) at 36.2°C. The EWLdefined UCT was also accompanied by the postural changes and increased body temperature.
The disparity between these estimates of UCT – nonexistent versus 36.2°C – begs the
question, is the UCT ecologically relevant? Measuring metabolic rate in the laboratory using
flow-through respirometry has been criticized for its limited relevance to natural conditions
(Mitchell, 2018). BMR, the most commonly used metric, requires an animal to be mature, fasted,
non-reproductive, and resting – conditions that rarely co-occur in the wild (Withers, 1992;
Withers et al., 2016). If individuals rarely meet all of these requirements, it is difficult to
determine how accurate estimations of UCT actually are. Similarity to wild conditions aside,
there is evidence that UCT, no matter how it is defined, is not a thermal limit of any consequence
(White and Seymour, 2004; Mitchell et al., 2018). As Mitchell et al. (2018) point out, animals
constantly experience ambient temperatures above their UCT and continue to thrive individually
and as a species. As long as an animal has enough resources (water, food, time, a place to escape
from the heat – even momentarily) to compensate for the above-basal-level metabolic rate, it can
continue to live under higher temperatures indefinitely.
Furthermore, the state of Maine is far less likely to see temperatures above 36°C than
other parts of the world. Although the number of extremely hot and humid days is expected to
increase, even the southernmost portions of the state will only see ~15 of these days by the 2050s
(Fernandez et al., 2015). Unless coincident with widespread disease or a severe drop in
resources, the majority of flying squirrel individuals can most likely compensate for the higher
energy usage needed to cool themselves for two weeks of extremely hot weather.
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If UCT is not a proper indicator for how an individual or population will react to rising
temperatures, we must find another metric to better reflect thermal limitations. Mitchell et al.
(2018) has proposed three new “zones” that better represent physiologically relevant temperature
ranges: the “prescriptive zone”, the “tolerance zone”, and the “survival zone”. The “prescriptive
zone” is wider than the traditional TNZ and refers to the temperature range over which body
temperature varies with metabolic rate and activity level but not ambient heat load (Mitchell et
al., 2018). Wider still is the “tolerance zone” where a stable body temperature is no longer
maintained, and an endotherm may exhibit hypo- or hyperthermia (Mitchell et al., 2018). The
“survival zone” is the widest range in which individuals are at risk of death via heat stroke or
cold injury (Mitchell et al., 2018). Zone limits will vary based on the magnitude and duration of
heat exposure, but Mitchell et al. (2018) offers a new approach for evaluating temperature’s
effect on endotherm thermoregulation.
To complement the results of my respirometry experiment and UCT findings, I used freeranging body temperature to explore the possibility of heterothermy as another thermoregulatory
strategy used by flying squirrels. Core body temperature of G. volans has been measured once
before using a captive population. Refinetti (1999) implanted three flying squirrels with radio
sensor-transmitters to monitor the synchronicity of body temperature and locomotor activity.
Squirrels were kept at 24°C in laboratory cages and exposed to a fixed photo period of 14L:10D.
Body temperature and activity were recorded every 6 minutes for 1 week. Average body
temperature ranged between 36-38°C with higher temperatures occurring during the nocturnal
activity period. Locomotor activity and body temperature were highly synchronized when
compared to other species in the study.
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In agreement with Refinetti (1999), I found that southern flying squirrels have a higher
body temperature (Tb) at night during their active phase and lower Tb during the day when
resting (ΔTb = ~2°C; Figure 8). The daily rhythmicity in Tb closely matched photoperiod but was
independent of ambient temperature (Figures 6-7). A “circadian pacemaker” may control the
daily rhythmicity of body temperature, but it likely does not control the fine-tune adjustments
used for thermoregulation during the resting or active phase (Refinetti, 1999). To better
understand finer scale Tb variability, I used the Heterothermy Index (Boyles et al., 2010).
The standardized Heterothermy Index allows for comparison of Tb variability between
individuals and against other species for which an HI value exists. The all-squirrel, average HI
value calculated from my data is 1.93 (Table 3). An HI value of 1.93 is close to those calculated
for two other members of the squirrel family during the summer, Spermophyllis perryii (HI =
1.43) and Xerus inauris (HI = 1.89) and greater than all other rodents with a published HI
(minimum HI = 0.70, maximum HI = 1.36; Boyles et al., 2013).
The Arctic ground squirrel, S. perryii, and the Cape ground squirrel, X. inauris, differ
considerably from flying squirrels in some key respects. Both of these species are diurnal,
ground-dwelling squirrels that live in extreme environments (Skurski and Waterman, 2005;
McLean, 2018). The Arctic ground squirrel inhabits northern Canada, Alaska, and parts of
Siberia located within the Arctic Circle where it is a seasonal hibernator, frequently studied for
its unique thermoregulatory behaviors (McLean, 2018). The Cape ground squirrel occupies arid
environments in southern Africa (Skurski and Waterman, 2005). It does not hibernate, but it digs
underground burrows for thermal refugia and uses its parasol-like tail to provide shade while
foraging (Skurski and Waterman, 2005).
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Southern flying squirrels inhabit much milder climates than either S. perryii or X. inauris
but show a higher level of heterothermy as measured by HI. Similar HI values could represent an
inherent thermoregulatory trait present in all squirrels that defines similar levels of heterothermy
despite environmental variation. In contrast, the difference in HI values between G. volans and
either S. perryii or X. inauris could be ecologically relevant. The vastly different methods of
locomotion (gliding versus walking) and their associated morphologies could support different
thermoregulatory strategies (daily heterothermy versus hibernation versus elevated RMR).
Regardless, the Heterothermy Index is still quite new and must be calculated for more squirrel
species before any definitive comparisons can be made.
The apparent variation in the body temperature of southern flying squirrels was driven, in
part, by ambient temperature but not to the degree I had anticipated (see Appendix 3). I suspect
that my measurement of ambient temperature did not match that experienced by flying squirrels,
which subsequently led to some error in my models. Flying squirrels, like other small mammals,
inhabit their own microclimate which may greatly differ from the average forest temperature
(Varner and Dearing, 2014). Flying squirrels construct nests in tree hollows or on the forest floor
using various plant fibers, but the insulative effect of nests has been studied primarily in cold
weather not in heat (Stains, 1961; Muul, 1968; Muul, 1974; Isaac et al., 2008; Trudeau et al.,
2011). In the winter, tree hollow nests sustain warmer temperatures and reduced variability,
resulting in energy savings for flying squirrels (Muul, 1968). Similarly, Stains (1961) monitored
temperature inside and outside of raccoon-inhabited (Procyon lotor) tree cavities year-round and
found less variability inside tree cavities than outside but little difference in average hourly
temperature between the two. Isaac et al. (2008) studied geometrically similar occupied and
unoccupied tree cavities in northern Australia to detect thermal preferences in the den sites of the
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common brushtail possum (Trichosurus vulpecula). Occupied cavities were 1.6°C cooler, had
less temperature variability, and had lower extremes than unoccupied cavities (Isaac et al., 2008).
Whether or not flying squirrels are reaping thermal benefits from nest sites in the summer
is currently unknown. The research of Stains (1961) and Isaac et al. (2008) suggests that nest
temperature should be less variable than overall forest temperature and that cooler hollows may
be preferred. However, without direct measurements of nest temperature and occupancy, it is
impossible to assert that nest sites confer a thermal benefit in summer. The insulative effect
could even trap body heat and elevate the nest temperature over that of the forest.
Furthermore, the insulative properties of the nest itself are not the only factors
determining the microclimate for a flying squirrel. Group nesting is well documented in all
species of North American flying squirrel (Dolan and Carter, 1977; Wells-Gosling and Heaney,
1984). Group nesting is primarily used to maintain warmth in the winter and reduce the energy
required for thermoregulation; however, flying squirrel aggregations are found year-round
throughout the geographic range of G. volans and G. sabrinus (Muul, 1974; Stapp et al., 1991;
Layne and Raymond, 1994). Because of its pervasiveness across time and space, group nesting
must provide additional benefits beyond thermoregulation that are most likely social (Muul,
1974; Stapp et al., 1991; Layne and Raymond, 1994).
Large aggregations of flying squirrels increase temperature within a nest through
thermoregulation, increase insulation of the nest with additional pelage, and decrease heat loss
by decreasing the surface area to volume ratio (Muul, 1968). Despite being a benefit in the
winter, group nesting could be a detriment as temperatures rise (Muul, 1974). Temperatures of
group nests could get too warm, forcing flying squirrel to change behavior. Such changes could
include increased use of cooling mechanisms via higher energy expenditure, solitary nesting, or
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producing smaller litters to reduce maternal heat loads. Regardless of the coping mechanism,
flying squirrels will need to find some way to remedy the high heat load generated from their
current nesting behaviors.

3.5 Conclusions
Southern flying squirrels do not significantly increase their resting metabolic rate with
increasing ambient temperature, but they do show an increase in evaporative water loss and body
temperature. Although they will not have to alter energy budgets to keep up with an increasing
metabolic rate, flying squirrels will be forced to make behavioral changes as temperatures rise.
Evaporative water loss is an effective cooling strategy so long as water supply is adequate
(Mitchell et al., 2018). Flying squirrels may have to increase their water intake to compensate for
the amount used during evaporative cooling when temperatures are above 36.2°C. Access to
water should not be an issue in the forest habitat of G. volans, but any increase in resource
demand may require allocation of energy.
Incidence and degree of heterothermy may also change as ambient temperatures increase.
The free-ranging body temperature experiment revealed a level of heterothermy on par with
other squirrel species, including one living in a hot, arid environment. The experimental period
was too short, however, to reveal any seasonal changes and did not provide an indication of any
costs that may be associated with the observed level of heterothermy. More research on the
seasonality of and constraints to heterothermy needs to be conducted to better understand how
this thermal strategy fits into the ecology of G. volans.
Furthermore, additional research on the microclimate experienced by flying squirrels is
crucial for the improved understanding of this study’s results and for the accurate prediction of
future changes to Maine’s G. volans population. How nest sites and aggregations will change as
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temperatures rise is yet to be determined but will certainly influence the ecology and further
expansion of southern flying squirrels.
G. volans’ reaction to high temperatures throughout the experiments brings us back to my
original question: what will happen to G. sabrinus? Northern flying squirrels may show a
marked increase in resting metabolic rate as temperatures rise or initiate evaporative cooling at a
lower ambient temperature. Perhaps, they exhibit less body temperature variation and would
generate an HI value closer to that of the Arctic ground squirrel. Maybe, G. sabrinus shows a
similar response to high temperatures as G. volans and the observed range shifts have nothing to
do with thermal tolerance. My research does not reveal the answers to these questions, but it does
provide a basis for future comparison and is one of the first investigations into the relationship
between global climate warming and flying squirrel ecophysiology.
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APPENDIX 1

Figure 9: Body Condition Index (BCI) for G. volans from 2017-2018. BCI is the residual
calculated from regressing body weight on forearm length as seen in Schulte-Hostedde et al.,
2001. Positive numbers indicate healthier, fattier individuals and negative numbers indicate less
healthy, leaner individuals.
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APPENDIX 1 CONT.
Table 4: Morphometric measurements for captured G. volans from 2017-2018. Only records
from first capture of the year are included. * indicate questionable sex identification.
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APPENDIX 2
Table 5: Respirometry models. Ranking was performed using corrected Akaike Information
Criterion (AICc) scores and Akaike weights (AICcWt). All models with an AICcWt>0 are
presented and the number of parameters contained in the model are included (k).
k

AICc

AICcWt

RMRb
‘Ta’ + ‘StartMass’
‘Ta’ * ‘StartMass’
‘Ta’ + ‘StartMass’ + ‘Sex’
‘Ta’ * ‘StartMass’ + ‘Sex’
‘Ta’ + ‘StartMass’ * ‘Sex’
‘Ta’
‘Ta’ + ‘Sex’
‘Ta’ * ‘Sex’

Model Parameters

5
6
6
7
7
4
5
6

494.50
495.55
496.59
497.79
499.01
500.21
501.19
503.18

0.42
0.25
0.15
0.08
0.04
0.02
0.01
0.01

EWLa
‘Ta’ * ‘StartMass’
‘Ta’ * ‘StartMass’ + ‘Sex’
‘Ta’
‘Ta’ + ‘StartMass’
‘Ta’ + ‘Sex’
‘Ta’ * ‘Sex’
‘Ta’ + ‘StartMass’ + ‘Sex’
‘Ta’ * ‘StartMass’ * ‘Sex’

5
6
3
4
4
5
5
9

695.34
697.87
699.81
701.36
701.58
702.25
703.70
704.23

0.65
0.18
0.07
0.03
0.03
0.02
0.01
0.01

Tsubb
‘Ta’ + ‘StartMass’
‘Ta’ + ‘StartMass’ + ‘Sex’
‘Ta’ * ‘StartMass’
‘Ta’ * ‘StartMass’ + ‘Sex’
‘Ta’ + ‘StartMass’ * ‘Sex’

5
6
6
7
7

127.50
129.11
129.21
130.90
131.45

0.45
0.20
0.19
0.08
0.06

MHP/EHLa
‘Ta’
‘Ta’ * ‘StartMass’
‘Ta’ + ‘Sex’
‘Ta’ + ‘StartMass’
‘Ta’ * ‘StartMass’ + ‘Sex’
‘Ta’ * ‘Sex’
‘Ta’ + ‘StartMass’ + ‘Sex’
‘Ta’ + ‘StartMass’ * ‘Sex’

3
5
4
4
6
5
5
6

-52.30
-51.95
-50.17
-50.05
-49.76
-48.73
-48.21
-45.69

0.32
0.27
0.11
0.10
0.09
0.05
0.04
0.01

a

Variance structure used: weights = varFixed(~Ta), bVariance structure used: weights =
varIdent(form=~1|Sex)
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APPENDIX 3: BODY TEMPERATURE MODELS
Table 6: Core body temperature models. Ranking was performed using corrected Akaike
Information Criterion (AICc) scores and Akaike weights (AICcWt). All models with an
AICcWt>0 are presented and the number of parameters contained in the model are included (k).
Model Parametersa,b

k

AICc

AICcWt

Tbmax
‘Date’
‘Date’ + ‘MaxTb’
‘Date’ * ‘MaxTb’
‘MaxTb’

5
6
7
5

-133.13
-132.50
-130.43
-118.30

0.5
0.37
0.13
0.00

Tbmin
‘Date’ * ‘MinTb’
‘Date’ + ‘MinTb’
‘MinTb’
‘Date’

7
6
5
5

211.02
212.90
221.16
242.20

0.72
0.28
0.00
0.00

Tbdelta
‘Date’
‘Date’ + ‘deltaTb’
‘deltaTb’
‘Date’ * ‘deltaTb’

7
8
7
9

309.66
311.09
311.97
312.39

0.49
0.24
0.15
0.12

a

All models were corrected for autocorrelation using the correlation structure corCAR1 (form =
~1|Animal ID, b~1|Animal ID was used as a random factor
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